The mouse thymus produces discrete gd T cell subsets that make either interferon-g (IFN-g) or interleukin 17 (IL-17), but the role of the T cell antigen receptor (TCR) in this developmental process remains controversial. Here we show that Cd3g +/− Cd3d +/− (CD3 double-haploinsufficient (CD3DH)) mice have reduced TCR expression and signaling strength on gd T cells. CD3DH mice had normal numbers and phenotypes of ab thymocyte subsets, but impaired differentiation of fetal Vg6 + (but not Vg4 + ) IL-17producing gd T cells and a marked depletion of IFN-g-producing CD122 + NK1.1 + gd T cells throughout ontogeny. Adult CD3DH mice showed reduced peripheral IFN-g + gd T cells and were resistant to experimental cerebral malaria. Thus, TCR signal strength within specific thymic developmental windows is a major determinant of the generation of proinflammatory gd T cell subsets and their impact on pathophysiology.
Proinflammatory cytokines orchestrate protective immune responses to pathogens and tumors but are also responsible for tissue-damaging inflammation and autoimmunity. Among various cellular sources, γδ T cells have emerged as major producers of IFN-γ and/ or IL-17 in several diseases. On one hand, IFN-γ production by γδ T cells underlies protective responses to infections 1 , as well as tumor immunity 2 , but it is also associated with susceptibility to severe malaria 3 . On the other hand, IL-17 secretion by γδ T cells is a key defense mechanism against various bacterial infections, such as Staphylococcus aureus 4 or Listeria monocytogenes 4, 5 , but is also a critical component of inflammatory and autoimmune syndromes such as psoriasis [6] [7] [8] , colitis 9 , chronic granulomatous disease 10 , ischemic brain inflammation 11 and experimental autoimmune encephalomyelitis [12] [13] [14] .
The nonredundant roles of IFN-γ-producing (IFN-γ + ) and IL-17 + γδ T cells are tightly linked to "developmental preprogramming" in the mouse thymus 15 . Whereas conventional effector CD4 + T cells differentiate in peripheral lymphoid organs in response to antigen and additional environmental cues, γδ T cells complete their functional maturation in the thymus. The mouse, which generates discrete populations of IFN-γ + and IL-17 + γδ T cells that can be identified on the basis of CD27 and CCR6 expression 12, 16, 17 . Importantly, these subpopulations have different functions; for example, CD27 − IL-17 + γδ T cells promote tumor cell growth 18, 19 , whereas CD27 + IFN-γ + γδ T cells inhibit it 2, 20 . It is therefore crucial to understand how distinct functional γδ T cell subsets are generated and regulated.
Given its pivotal role in thymocyte development and selection, the TCR is a likely determinant of the functional differentiation of γδ T cells 15 . It was shown that γδ T cells specific for the major histocompatibility (MHC) complex I molecules T10 and T22 (T10/T22), which account for ~0.4% of peripheral γδ T cells, produce IL-17 and IFN-γ in the absence and presence, respectively, of thymic T10/T22 expression 12 . Consistent with this, thymic selection drives dendritic epidermal T cells (DETCs) that populate the mouse epidermis toward IFN-γ but away from IL-17 production 21 . However, SKG mice, which are hypomorphic for the TCR signal-transducing kinase ZAP70 and retain only 10% of its signaling ability, show impaired development of IL-17 + γδ T cells 22 . As such, the role of TCR signal 'strength' in the development of proinflammatory γδ T cell subsets remains unclear.
TCR signal strength is known to control the earliest stage of γδ T cell development, i.e., lineage commitment 23 . The manipulation of signal transduction in TCR-transgenic T cells influences the γδ versus αβ thymocyte fate 24, 25 , with γδ T cells requiring stronger TCR signaling than αβ T cells to develop; however, the impact on subsequent maturation of γδ T cells, particularly IFN-γ + versus IL-17 + γδ T cells, was not assessed in these studies. Models based on a single transgenic TCR may not be ideal to answer this question, however, because γδ T cell development is tightly linked to the dynamics of TCR rearrangements during ontogeny. Indeed, 'developmental waves' with distinct TCR gene usage populate different peripheral tissues, and distinct TCRγ chain variable region (Vγ) repertoires can have substantial biases toward IFN-γ or IL-17 production 16, 26 . For example, of the two main γδ T cell subsets in peripheral lymphoid organs, Vγ1 + T cells preferentially secrete IFN-γ, whereas Vγ4 + T cells are biased toward 26) . In addition, Vγ5 + T cells generated around embryonic days 15-16 (E15-E16) do not secrete IL-17, whereas this A r t i c l e s cytokine is abundantly produced by Vγ6 + T cells that differentiate at E17-E18. Moreover, in-depth transcriptional profiling of γδ thymocyte subsets by the Immunological Genome Project (http:// www.immgen.org) demonstrates a divergence between the transcriptional networks of IL-17-biased Vγ6 + and Vγ4 + T cells versus IFN-γ-biased Vγ5 + and Vγ1 + T cells 27, 28 .
The association between certain γδ TCR repertoires and differential IFN-γ or IL-17 production 26 suggests that TCR signaling is a major determinant of the functional differentiation of γδ T cells in the thymus. However, testing this hypothesis has been hampered by the lack of mouse models that specifically interfere with TCRγδ signaling in vivo. Here we describe a selective defect in the surface expression of TCRγδ, but not TCRαβ, in Cd3g +/− Cd3d +/− (CD3DH) mice and show that reduced TCRγδ signaling affects the differentiation of discrete subsets of IFN-γ and IL-17 γδ T cells during thymic ontogeny, with pathological consequences.
RESULTS

CD3DH mice show reduced TCR signaling in  T cells
During the screening of various lines of (single or double) haploin sufficient CD3 mutants, we observed that CD3DH mice had markedly lower cell surface expression of TCRγδ and CD3ε ( Fig. 1a,b ) than did wild-type mice, as well as low γδ thymocyte numbers ( Fig. 1c ). This reduction was not observed in singly haploinsufficient (Cd3d +/− or Cd3g +/− ) mice (Supplementary Fig. 1a ) and was more severe than that observed in CD3δ-deficient (Cd3d −/− ) mice 29 (Supplementary  Fig. 1b) . The reduced numbers of γδ thymocytes in CD3DH mice were not due to increased cell death ( Supplementary Fig. 1c ), which suggests that lower TCRγδ expression impaired γδ T cell development, as reported in transgenic models 24, 25 . CD3DH γδ thymocytes remained mostly CD4 − CD8 − (data not shown), thus excluding diversion into the αβ lineage. However, TCRαβ expression was not affected, and αβ thymocyte development proceeded normally in CD3DH mice ( Fig. 1d-f ). Consistent with normal TCRαβ signaling and selection, the generation of agonist-selected Foxp3 + CD4 + and CD1d-restricted natural killer T (NKT) cells was similar to that in wild-type mice ( Supplementary Fig. 1d,e ).
To characterize the downstream effects of reduced TCRγδ expression, we assessed the expression of the agonist selection markers CD73, a signature of TCRγδ signaling during thymic development 30 , and CD5, a stable indicator of TCR signal strength 31 , as well as the maturation markers CD122 and CD44 (refs. 12,15,17) . All were markedly lower in γδ thymocytes from CD3DH mice compared to those from wild-type mice ( Fig. 1g) . Upon TCR stimulation, the activation markers CD69 and CD25 were also decreased in peripheral (splenic) CD3DH γδ T cells ( Fig. 1h) . Moreover, CD3DH γδ T cells had lower TCR responsiveness, as assessed by activation of the kinases ERK ( Fig. 1i ) and AKT (Supplementary Fig. 2a ) and calcium mobilization ( Supplementary Fig. 2b) , than wild-type γδ T cells. These data indicate that lower surface TCRγδ expression in CD3DH mice impairs signal transduction and downstream TCR-dependent processes.
To test whether the phenotype of γδ T cells in CD3DH mice was cell intrinsic, we established mixed (1:1) bone marrow (BM) chimeras by transferring CD3DH (Thy-1.2) and wild-type (Thy-1.1) whole BM cells into either TCRδ-deficient or RAG2-deficient hosts. In both hosts we observed reduced TCRγδ expression in CD3DH-derived γδ thymocytes ( Fig. 1j) , which consistently accounted for a minor fraction of the total γδ thymocyte pool, compared to wild-type γδ thymocytes. In contrast, αβ thymocytes were generated in similar numbers from CD3DH and wild-type precursors ( Fig. 1k) , indicating that CD3DH progenitors are outcompeted by wild-type precursors for γδ but not αβ T cell development. Of note, this defect could be overcome with a 1:9 (wild-type/CD3DH) ratio ( Supplementary  Fig. 3 ), which indicates that CD3DH progenitors can generate γδ thymocytes, albeit with lower potency than wild-type precursors. Thus, haploinsufficiency for both Cd3d and Cd3g results in lower TCRγδ expression levels and signaling and reduced numbers of γδ thymocytes.
Impaired differentiation of IL-17 + and IFN- +  T cells We next analyzed the functional differentiation of γδ T cell subsets. Development of CD27 + and CD27 − γδ T cells was observed during the embryonic stages and continued into adulthood ( Fig. 2a) , as previously reported 16 . Both IFN-γ + and IL-17 + γδ thymocytes were observed in lower frequencies in CD3DH than in wild-type E18 embryos (Fig. 2b,c) . Whereas the reduction in IFN-γ + γδ thymocytes was maintained after birth and into adulthood, the frequency of IL-17 + γδ thymocytes in CD3DH mice normalized to wild-type levels between 1 and 6 weeks of age ( Fig. 2b-d) . This coincided with a switch in TCR Vγ usage: most IL-17 + γδ T cells were Vγ1 − Vγ4 − (validated as Vγ6 + by GL3 and 17D1 antibody staining) 18 (data not shown) in E18 embryos and neonates and Vγ4 + from week 1 on ( Fig. 2e) . Of note, IL-17 + Vγ6 + cells are generated exclusively during embryonic life 32 ; we found that only Vγ6 + (not Vγ4 + ) thymocytes showed reduced IL-17 production in CD3DH mice ( Fig. 2f) . These data suggest that the effector γδ T cell subsets generated within distinct developmental windows, as marked by particular Vγ usage, have distinct TCR signal strength requirements.
Transcriptional signatures of TCR signal strength in  T cells
Because developmental programming of γδ T cells is set at the transcriptional level 27, 33, 34 , we performed transcriptome-wide analysis of sorted total γδ thymocytes from CD3DH and wild-type E18 and 6-week-old mice. This analysis showed highly dynamic patterns of gene expression during ontogeny ( Fig. 3a) . Among the mRNAs upregulated in γδ thymocytes from E18 to adult in wild-type mice, those linked to IFN-γ production were generally impaired in CD3DH γδ thymocytes and included Nr4a3, Nr4a2 and Bcl2a1 (refs. 16, 34, 35) ; the transcription factors Egr2, Egr3 and Id3, which are major suppressors of the IL-17 differentiation pathway 21 ; and Nfkbiz (which encodes the transcription factor IκBζ) 36 , Tnfrsf18 (encoding GITR), Lilr4b (also known as Gp49a) and Lilrb4a (also known as Lilrb4, encoding Gp49b) 37 ( Fig. 3a and Supplementary Fig. 4a ).
Key genes involved in IL-17 production, such as Il17a, Il17f and Il23r 13, 33 , which are highly expressed in fetal γδ thymocytes and reduced in adult γδ thymocytes in wild-type mice, were downregulated in CD3DH γδ thymocytes ( Fig. 3a) . In both wildtype and CD3DH γδ thymocytes, embryonically rearranged TCRs such as Vγ5 and Vγ6 were downregulated, as was the transcription factor PLZF (encoded by Zbtb16), which is characteristic of fetal γδ thymocytes 27 (Fig. 3a) .
The IL-17 + γδ T cell signature genes Sox4 and Sox13 (refs. 27,28) were greatly reduced in embryonic Vγ6 + but not Vγ4 + CD3DH thymocytes (as compared to wild-type thymocytes) ( Supplementary Fig. 4b) , indicating that the IL-17 + Vγ6 + and IL-17 + Vγ4 + thymocyte subsets have distinct developmental TCR signal strength requirements. Of note, the expression of Tbx21 (which encodes T-bet) and Rorc (which encodes RORγt), which transcriptionally regulate Ifng and Il17a expression, respectively, was not affected in CD3DH γδ thymocytes (data not shown).
Next, for a TCR-mediated gain-of-function approach, we stimulated total γδ thymocytes from adult CD3DH or wild-type mice with npg saturating amounts of monoclonal anti-CD3ε for 16 h to achieve crosslinking of all available TCR complexes on the cell surface. We observed an upregulation of Egr2 and Egr3 expression in wild-type γδ thymocytes ( Fig. 3b) , consistent with their induction by strong TCR signals 21 . Egr2 and Egr3 upregulation was also observed in stimulated CD3DH γδ thymocytes ( Fig. 3b) , which suggests that increasing γδ TCR signaling can rescue the expression of IFNγ-associated transcriptional signatures in CD3DH γδ thymocytes. In addition, anti-CD3ε stimulation downregulated IL-17 + γδ T cell signature genes, such as Sox4 (ref. 28) , Il23r and Il1r1 (refs. 13, 33, 38) , in both wild-type and CD3DH γδ thymocytes (Fig. 3b) . Collectively, these data suggest that strong TCR signals are required to promote IFN-γ at the expense of IL-17 production by adult γδ thymocytes.
CD3DH mice lack IFN- hi CD122 + NK1.1 +  thymocytes We next tested whether the deficiency in IFN-γ expression in γδ thymocytes from CD3DH mice involved the depletion of a specific γδ T cell subset committed to IFN-γ production. Thus, we analyzed the expression of CD122 (ref. 12) and NK1. 1 (refs. 17,30) , two markers previously associated with IFN-γ + γδ T cells, on adult CD27 + γδ T cells. We detected a CD122 + NK1.1 + γδ T cell population in the wild-type thymus that was absent in CD3DH mice (Fig. 4a,b) . CD122 + NK1.1 − γδ T cells, probably precursors of CD122 + NK1.1 + γδ T cells, were also reduced in the CD3DH thymus compared to the wild-type thymus (Fig. 4a) . The Vγ repertoire changed from Vγ4-biased to Vγ1-enriched between the CD122 − and the more mature CD122 + γδ T cells in wild-type thymi ( Fig. 4c) , which suggests that TCR selection shapes the mature γδ thymocyte pool. Furthermore, consistent with a requirement for strong TCR signaling, wild-type CD122 + NK1.1 + γδ thymocytes had high expression of the selection markers CD44, CD73 and CD45RB, which were not detected on CD122 − γδ thymocytes ( Fig. 4d) . Notably, wild-type CD122 + NK1.1 + γδ thymocytes had the highest expression of IFN-γ ( Fig. 4d) , suggesting that the IFN-γ hi γδ T cells have a differentiation defect in CD3DH mice. Furthermore, in mixed (wild-type and CD3DH) BM chimeras, CD27 + CD122 + NK1.1 + γδ thymocytes were generated exclusively from wild-type progenitors (Fig. 4e) . We observed this in both 1:1 and 1:9 (wild-type/CD3DH) chimeras ( Fig. 4e) , indicating a strong competitive disadvantage of CD3DH precursors along this developmental pathway.
We next aimed to rescue the generation of CD122 + NK1.1 + γδ thymocytes in CD3DH mice by crosslinking the TCR complex in vivo. Intraperitoneal injection of the antibody 17A2, which crosslinks CD3εγ dimers, rescued CD122 + NK1.1 + γδ thymocyte development in CD3DH mice, leading to frequencies similar to that in wild-type mice ( Fig. 4f,g) . Moreover, wild-type mice treated with 17A2 showed an increase in CD122 + NK1.1 + γδ thymocytes, as compared to untreated npg A r t i c l e s wild-type mice (Fig. 4a,f) . These data indicate that strong TCR signaling promotes (and is required for) the development of the IFN-γ hi CD27 + CD122 + NK1.1 + γδ thymocyte subset.
Reduced IFN- +  T cells and cerebral malaria resistance
We next investigated the consequences of reduced γδ TCR signaling in CD3DH mice on peripheral γδ T cells. Upon ex vivo stimulation with phorbol ester (PMA) and ionomycin, CD3DH splenocytes showed reduced CD27 + IFN-γ + but normal CD27 − IL-17 + γδ T cell frequencies compared to wild-type splenocytes (Fig. 5a,b) . In contrast, CD3DH CD4 + αβ T cells differentiated normally into type 1 helper T (T H 1) cells when activated in the presence of IL-12 ( Supplementary Fig. 5) , indicating that the IFN-γ defect of CD3DH mice was selective for γδ T cells. Moreover, CD27 + CD122 + NK1.1 + CD44 + γδ splenocytes were absent in CD3DH mice but not wild-type mice ( Fig. 5c-f ). We also observed this in competitive wild-type and CD3DH BM chimeras at 1:1 and 1:9 (wild-type/CD3DH) ratios (Fig. 5e) . We next assessed the physiological importance of IFN-γ + CD27 + CD122 + NK1.1 + γδ T cells in a model of cerebral malaria, which is associated with IFN-γ-dependent pathology and a major contribution from γδ T cells 3, 39 . We induced experimental cerebral malaria with Plasmodium berghei ANKA sporozoites, establishing liver-stage infection, which precedes the symptomatic blood-stage infection. We observed an abundant IFN-γ + γδ T cell population in the spleen at day 5 after infection (blood stage) in wild-type mice that was markedly reduced in CD3DH mice (Fig. 5g) , which also showed higher parasitemia (measured as percentage of infected red blood cells) than infected wild-type mice (Fig. 5h) . Neurological symptoms appeared in wild-type mice around day 6 after infection and became fatal in all animals by day 7-10 ( Fig. 5i) . By contrast, γδ T-cell-deficient (TCRδ-deficient) and most CD3DH mice remained healthy and survived (Fig. 5i) . These data demonstrate that IFN-γ + γδ T cells make mice highly susceptible to fatal inflammatory syndromes such as severe malaria.
DISCUSSION
The reduced TCRγδ expression on the surface of γδ thymocytes in CD3DH mice allowed us to examine a diverse, polyclonal TCRγδ repertoire, which is highly valuable given the association between specific TCR gene usage and functional differentiation biases 26 . Our results suggest that distinct developmental γδ T cell subsets defined by Vγ rearrangement and usage have distinct TCR signal strength requirements for differentiation into IFN-γ + or IL-17 + cells. week
IL-17 npg A r t i c l e s CD3δ has been shown to be absent from mouse mature TCRγδ complexes 40, 41 , which raises the question how it affects surface TCRγδ expression. As we found no evidence for the presence of CD3δ on the surface of γδ thymocytes (data not shown), it is unclear whether CD3δ transiently participates in intracellular TCRγδ assembly. It is also possible that changes in the relative intracellular amounts of CD3 chains, as observed in CD3DH mice, could cause abnormal glycosylation of CD3δ 42, 43 (data not shown) and/or CD3γ 44 , which in turn could impair the assembly and stability of nascent TCR complexes, and ultimately their surface expression and signaling 44, 45 .
TCR signaling strength affects thymic commitment to the αβ versus γδ lineages [23] [24] [25] . Consistent with this, CD3DH mice showed reduced numbers of total γδ thymocytes, including loss of IFN-γ hi CD122 + NK1.1 + γδ T cells. The number and frequencies of αβ T cell subsets, including thymic regulatory (T reg ) and invariant NKT (iNKT) cells, was normal in CD3DH mice, although the repertoire of TCRαβ + subpopulations was not assessed. However, the expression of the αβ TCR was normal in developing CD3DH thymocytes, indicating that the reduction in TCR expression was specific to γδ thymocytes.
Notably, whereas IL-17 + Vγ6 + cells were underrepresented in CD3DH mice, their IL-17 + Vγ4 + counterparts were not affected, consistent with distinct developmental requirements for the two IL-17 + γδ T cell a Expression (fold) npg A r t i c l e s subsets 32 . Vγ6 + thymocytes have been shown to outcompete Vγ4 + thymocytes when reconstituting the dermis of γδ T-cell-deficient mice 8 , and whereas fetal-derived (and thymically programmed) Vγ6 + T cells were shown to be resident in the dermis, adult BM-derived Vγ4 + T cells seem to depend on extrathymic signals to migrate to the skin. Thus, by differentially controlling tissue homing properties, thymic programming may determine the pathophysiological contributions of discrete γδ T cell subsets. Consistent with this, Vγ4 + T cells represent the major source of IL-17 in psoriasis-like inflammation 8, 32 , as well as in experimental autoimmune encephalomyelitis 13 and collagen-induced arthritis 46 , whereas Vγ6 + T cells are more frequent in Listeria infection 5 and ovarian cancer 18 . The observation that fetal-derived and adult IL-17 + γδ T cells have distinct TCR signaling requirements could not be made with the available (Vγ4-based) transgenic TCRγδ models and resolves previous controversies on the TCR dependence (or independence) of IL-17 + γδ T cell development 12, 21, 22, 28 . Namely, our data indicate that Vγ6 + , but not Vγ4 + , thymocytes depend on strong TCR signals for functional differentiation, which in turn warrants investigation into their respective ligand engagement requirements.
In addition to ligand engagement, distinct signaling cascades downstream of the TCRγδ may differentially affect γδ T cell subsets. It will be important to establish whether TCRγδ signaling is perceived mostly quantitatively or qualitatively on the basis of the engagement of distinct signaling pathways, such as ERK-MAPK or PI3K-AKT (N. Sumaria, B.S.-S. and D.J.P., unpublished data). Further downstream in cellular programming, our transcriptional analysis of fetal and adult total γδ thymocytes stages showed that CD3DH γδ thymocytes efficiently downregulated the IL-17 program but were deficient in upregulating the IFN-γ pathway between fetal and adult stages. Particularly affected were the transcription factors Egr2, Egr3 and Id3, which are induced by agonist TCR signaling 21, 47 and may be required to suppress a 'default' RORγt-dependent IL-17 program and maximize IFN-γ production in γδ thymocytes. This would be consistent with both the repression of the IL-17 pathway in Vγ5 + DETC development 21 and the depletion, in CD3DH mice, of Vγ1-biased CD27 + CD122 + NK1.1 + γδ T cells, the subset expressing the highest IFN-γ on a per cell basis.
Notably, the transcription factors that control Ifng and Il17a expression, T-bet and RORγt, were normally expressed in CD3DH γδ npg T cell subsets, suggesting that the γδ T cell differentiation phenotype in these mice derives from mechanisms downstream of T-bet or RORγt expression. This is in agreement with normal expression of these transcription factors in γδ thymocytes deficient for the TCR signal transducer Itk 28 . We therefore propose that a major function of TCRγδ signaling is to select preprogrammed precursors, which could resemble innate lymphoid cells (ILCs), for differentiation into effector cells making IFN-γ or IL-17. Future studies on the functional similarities and differences between ILC and γδ T cell subsets may contribute to understanding the evolutionary conservation of these innate-like lymphocytes and their therapeutic potential for infectious or inflammatory diseases and cancer 20
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